In Europe, market coupling stands for a further integration of wholesale trading arrangements across country borders. More specifically, it refers to the implicit auctioning of cross-border physical transmission rights via the hourly auctions for electric energy organized by power exchanges one day ahead of delivery. It therefore implies that the power exchanges can optimize the clearing of their day-ahead auctions. Due to verticals in the aggregated order curves, the optimal solution can be settled at different * Correspondence to: Leonardo Meeus, Electrical Engineering Department ESAT, University of Leuven (KUL), Kasteelpark Arenberg 10, 3001 Leuven, Belgium; E-mail: leonardo.meeus@esat.kuleuven.be; Fax: ++32-(0)16/321985. 1 E-mail: leen.vandezande@esat.kuleuven.be 2 E-mail: stijn.cole@esat.kuleuven.be 3 E-mail: ronnie.belmans@esat.kuleuven.be 2 prices. In order for prices to give correct signals for network development and where to locate generation and consumption, price coordination between exchanges is necessary.
INTRODUCTION
In Europe, generators self-schedule and they do this by submitting a program to the network operator. When which generators are turned on and run is the result of trade in several types of markets. Trade is mainly bilateral, but in most countries this is supplemented with auctions organized by power exchanges one day ahead of delivery for every hour of the next day. The auctions are used by market parties to fine tune their portfolios, which for instance means that generators can be on the supply as well as demand side depending on whether they are long or short. The exchanges use simple rules to settle contracts one day ahead of delivery when it is not worth getting into time consuming bilateral negotiations. Additionally, the exchanges act as counter-party for all transactions. The traded volume on the exchanges is typically only 10% of consumption 4 .
While wholesale trade within countries is not constrained by the network, it is constrained at the borders where there are structural bottlenecks. The Transmission System Operators (TSOs) determine transfer capacities (so-called Net Transfer Capacities) independently per border and before trade actually takes place. In other words, before it is known how flows will be distributed over the different border lines and without taking the interdependencies of a meshed network into account. About 10% of consumption is traded across borders in Europe.
As discussed in [1] , the European version of a flow gate approach is not the most efficient way of dealing with the scarce network resources. This is not about to change
soon, but what is changing is how these capacities are then made available. Non-market based methods have largely been abolished and replaced by separate auctions per border.
The auctions are organized by the TSOs and are typically for yearly, monthly and daily physical transmission rights.
Arbitrage between the various power exchanges is therefore already possible but explicit, requiring the purchase of physical transmission rights on a contract path. Besides being constrained by the available border capacities, arbitrage is also constrained by the time lag between the closing of the different border and power exchange auctions and the uncertainty that this brings, especially given the high price volatility. Several empirical supporting measures, i.e. Nord Pool has a monopoly for cross-border trade on the internal borders of the Scandinavian countries and only generators that pass through Omel get a capacity payment.
studies that compare the prices of border capacity with the price difference between exchanges indeed indicate that arbitrage is currently inefficient (see for instance [2] 
Market Coupling Optimization Problem
The market coupling optimization problem involves demand and supply orders of different exchanges that need to be matched in order to maximize the total gains from trade 9 . This means that the cheapest supply orders are matched with the most willing to pay demand orders. The only complexity in comparison with a single exchange optimization problem is that these orders come from different exchanges which represent a different network location. The demand and supply volumes traded on the different 9 Resulting from demand that needs to pay less than its willingness to pay, supply that is paid more than what is wants to be paid and congestion rents that are transferred by the exchanges to the TSOs exchanges do not have to be equal, as long as the traded volumes equalize in total and the resulting flows between locations are feasible given the limited available network capacity.
For the market coupling optimization problem, the topology and capacities of the simplified network that need to be taken into account are given as they are predetermined by the involved TSOs. Given is also the volumes and prices of the orders that have been submitted. What needs to be determined is which orders are accepted at which hourly price for every exchange. The optimization problem can therefore be formulated as follows:
Maximize the value of demand minus the cost of supply:
With, Network constraints 10 , respectively the constraints that equalizes the net injection at a location with what the off-takes at that location and the constraints that make sure that the flow on a interconnection of two locations is not higher than the capacity available between these locations: Note that in practice, the exchanges solve this optimization problem for every hour of the next day and the hours are dependent because of so-called block orders [5] . For reasons of clarity abstraction is made of block order in this paper.
Price properties
Locational Marginal Prices (LMPs) are the most obvious choice to settle the optimal solution to the market coupling optimization problem. It basically means that the orders of an exchange are settled at the price that corresponds to the shadow price of its market clearing constraint (4). LMPs have interesting properties. They for instance give efficient signals for network development and location of generation and consumption. Locational
Marginal Pricing is also widely used; especially in the North American markets (see for instance [3] ). Although a lot of literature is available discussing the properties of LMPs (see for instance [4] ), much less is available on implementation issues of LMP. This paper discusses an implementation issue related to the verticals in the aggregated order curves of the exchanges that is relevant for the European context.
The properties of LMPs can be derived from the optimality conditions of the market coupling optimization problem (1)- (5), as has been done in [6] for the more generalized problem. This leads to the following equations that define the necessary relation between the LMPs and the shadow prices of (5) 'folk theorems' of LMP. Furthermore, in [7] prices observed in PJM (applies LMP) are discussed that at first sight can be considered abnormal but are actually normal LMP prices.
Freedom in Prices

Price ranges
Consider 3 exchanges PX1, PX2 and PX3 to which the orders listed in Table 1 Figure   2 illustrates the possible locational prices and their corresponding export level. Note that these prices reflect the property of LMP that there is a single price per location to settle demand and supply at that location. Take for instance PX1:
• No supplier is offering at a price below 10€/MWh, while at such low prices demand will definitely want to be supplied fully, so that the corresponding import • Demand does not want to pay more than 90€/MWh, while at such high prices supply will definitely want to be supplied fully, so that the corresponding export level for prices higher than 90€/MWh is 300MWh
• In between 10 and 90€/MWh demand wants to be fully supplied and suppliers want to supply all they offered as they can make a profit, so that the corresponding export level for prices between 10 and 90€/MWh is 200MWh
• If the price is 10€/MWh or 90€/MWh respectively supply and demand can be curtailed as the orders are marginally accepted at those prices, so that there are respectively several corresponding import and export levels, as illustrated in Figure 2 In other words, an export of 200MWh corresponds to several possible locational prices at PX1. As illustrated in Figure 2 , the same counts for PX3, which we will refer to as locational price ranges. Therefore the LMP property of having a single price per location alone does not fix the prices in this illustration. Another LMP property is that if there are no binding network constraints, the price of the lines should be zero. Figure 3 illustrates the impact on the network of the transfer between PX1 and PX3. Note that it is assumed that all line susceptances are equal so that 1/3 of the transfer goes via PX2 and 2/3 goes via the direct interconnection. Assuming that there is enough capacity to make this solution feasible, the remaining optimality conditions (6) translate into:
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These equations basically imply that the locational prices have to be equal. Given that the price of PX2 is fixed at 25€/MWh (Figure 2 : there is no locational price range for PX2), this is the price for the three exchanges. In conclusion, an important LMP property is that LMPs are equal if there is no congestion in the network. Furthermore, in this example, there is only one set of prices that satisfies all LMP properties.
Alternative sets of LMPs
If we introduce binding network constraint to the example introduced in the previous section, the optimal solution changes. Figure 4 illustrates this with a binding capacity constraint between PX1 and PX3. In this network, a transfer between PX2 and PX3 is more interesting than a transfer between PX1 and PX3 as in the optimal solution without network constraints, because the latter uses more of the scarce network resource (double the amount) which offsets the supply cost advantage PX1 (10€/MWh) has over PX2 (25€/MWh). In this network setting, the optimal solution is to transfer as much as possible between PX2 and PX3 and to use what remains on the interconnector between PX1 and PX3 for a transfer between these exchanges, as illustrated in Figure 4 . Figure 5 illustrates that the optimal solution yields two price ranges (PX2: 25<p<90; PX3: 50<p<90), but the export level of PX1 implies a price of 10. Given that there is a binding constraint between PX1 and PX3 so that 13 µ is positive and given that p 1 is 10, (6) translates into: and PX3 and solving it with CPLEX yields prices of 10, 30 50€/MWh. In other words, the example clearly illustrates that prices can differ significantly depending on which software is used to solve the problem. If no additional method is applied to consciously choose between the alternative sets of LMPs, the solution will depend on the solver software that is used.
Price coordination
Importance of price coordination
Perhaps the simplest way of dealing with price ranges is to allow every exchange to independently choose which price they take of the possible prices that correspond with the optimal export level that comes out of the market coupling problem. The consequence would however be that even the most basic LMP property, which is that prices should be equal if there is no congestion, is not necessarily satisfied. Even though the most willing to pay demand would still be matched with the cheapest suppliers, the distribution of gains from trade would be different. In this case, the network could generate congestion rents, giving incentives to further invest in the network, while increasing the network capacity would not improve welfare. In other words, only LMPs give correct signals for network development and also for where to locate generation or consumption. Therefore, the best way to coordinate prices is to use the shadow prices of the market clearing constraint, which are the LMPs.
The remaining question is what to do in case there are alternative sets of LMPs. Consider the illustration from the previous section. Table 3 summarizes some of the possibilities to choose from. As indicated in the table, the price of the line interconnecting PX1 and PX3
( 13 µ ) is always positive. However, the signal to invest can be double as high, depending on which LMPs are chosen. The highest 13 µ value is actually the negative effect on total gains from trade if the capacity would be reduced with 1 MW, while the lowest 13 µ value is the positive effect on total gains from trade if the capacity would be increased with 1 MW:
• 1 MW more, is 3/2 MWh more transfer between PX1 and PX3, which would mean replacing 3/2 MWh of supply in PX3 at 50€/MWh with supply from PX1 at 10€/MWh, which is a gain of 60€ (3/2(50-10))
• 1 MW less, is 3/2 MWh less transfer between PX1 and PX3, which would reduce by 3/2 MWh demand in PX3 with a value 90€/MWh and supply in PX1 at 10€/MWh which is a loss of 120€ (3/2(90-10))
The signal you want to give for network development is of course the one corresponding to an increase of capacity, which in this case is the lowest value. For a convex optimization problem, it is in fact always the lowest value. It can therefore be concluded that a good and straightforward way to choose between alternative sets of LMPs is to minimize congestion rents, subject to the LMP properties, such as equations (6) 
Relevance of price coordination
Which price is chosen on a price range is of course only relevant if coupled exchanges are often faced with such price ranges and if they are significant. Figure 6 illustrates the price ranges on Belpex 16 for the first 2 months of operation. In 30% of the hours observed there is no price range, but in 20% of the hours there is a price range larger than 20€/MWh, with some observations peaking close to 400€/MWh. Given that a typical wholesale price is 50€MWh, this is a very relevant part of the price formation on the power exchanges.
For the moment, the TLC initiative encompasses only France, Belgium and the Netherlands, which are aligned in that order. As the internal borders are not meshed, LMPs have more straightforward properties. For instance, the price of an interconnector is the difference between the location prices a both sides of the interconnector.
Additionally the flow always goes from a high price region to the low price region, which is not necessarily the case if the network is meshed.
In [9] , the price determination in case of price ranges is explained for TLC. The approach is specifically for three aligned markets. It is based on taking the middle price of an overlap between price ranges, subject to the LMP properties, which are called high level 16 Note that these observations are from the first two months of operation of this exchange.
properties of the algorithm. If market coupling is extended to more markets and meshed networks, the approach discussed in this paper could be used, which is to minimize congestion rents, subject to the optimality conditions in terms of prices of the market coupling problem.
CONCLUSIONS
Market coupling means that exchanges optimize the clearing of the electric energy orders submitted to their day-ahead auctions. In doing so, orders introduced at different locations are exchanged to the extent that the available network capacities allow. Prices at these optimal exchange levels can be undetermined on an interval or price range, due to the verticals in the aggregated order curves. For a single power exchange, a simple rule such as taking the middle price of the possible prices is sufficient. For coupled exchanges, coordination is however necessary in order not to distort the incentives for network development and locational incentives for new generation or consumption.
Additionally it has been discussed that LMPs can be derived from the optimality conditions of the market coupling optimization problem, but that these conditions do not necessarily uniquely determine the prices, in which case it has been illustrated that the set of prices needs to be chosen that minimizes congestion revenues subject to the optimality conditions. Figure 4: Introducing price sets................................................................................ Tables   Table 1: Demand and supply 
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